We have previously isolated dieckol, a nutrient polyphenol compound, from the brown alga, Ecklonia cava (Lee et al., 2010a). Dieckol shows both antitumor and antioxidant activity and thus is of special interest for the development of chemopreventive and chemotherapeutic agents against cancer. However, the mechanism by which dieckol exerts its antitumor activity is poorly understood. Here, we show that dieckol, derived from E. cava, inhibits migration and invasion of HT1080 cells by scavenging intracellular reactive oxygen species (ROS). H 2 O 2 or integrin signal-mediated ROS generation increases migration and invasion of HT1080 cells, which correlates with Rac1 activation and increased expression and phosphorylation of focal adhesion kinase (FAK). Rac1 activation is required for ROS generation. Depletion of FAK by siRNA suppresses Rac1-ROS-induced cell migration and invasion. Dieckol treatment attenuated intracellular ROS levels and activation of Rac1 as well as expression and phosphorylation of FAK. Dieckol treatment also decreases complex formation of FAK-Src-p130Cas and expression of MMP2, 9, and 13. These results suggest that the Rac1-ROS-linked cascade enhances migration and invasion of HT1080 cells by inducing expression of MMPs through activation of the FAK signaling pathway, whereas dieckol downregulates FAK signaling through scavenging intracellular ROS. This finding provides new insights into the mechanisms by which dieckol is able to suppress human cancer progresssion and metastasis. Therefore, we suggest that dieckol is a potential therapeutic agent for cancer treatment.
INTRODUCTION
Reactive oxygen species (ROS) such as superoxide (O 2 -) and hydrogen peroxide (H 2 O 2 ) are generally considered toxic byproducts of respiration. However, a wealth of recent evidence suggests that the production of these ROS might be an integral component of intracellular signaling (Aslan and Ozben, 2003; Poli et al., 2004) . Particularly, aberrant ROS generation has been found in many types of cancer cells (Wu, 2006) and thus the involvement of ROS signaling in tumor progression and metastasis has been the focus of much research.
Tumor metastasis is a complicated pathological process including epithelial-mesenchymal transition (EMT), migration, and invasion of the tumor cells. Tumor cells isolated from metastases are highly migratory and invasive. Mounting evidence indicates that integrin-focal adhesion kinase (FAK) signaling is closely associated with tumor metastasis (Mitra and Schlaepfer, 2006) . Integrin engagement with the extracellular matrix (ECM) facilitates focal adhesion, which entails the recruitment of FAK to cell-substratum interaction sites and increases phosphorylation responsible for activation of FAK. The activated FAK then binds to Src family kinases and other intracellular signaling molecules such as p130Cas and Grb2 to trigger multiple downstream pathways to regulate focal adhesion dynamics and cell migration. Overexpression and increased phosphorylation of FAK have been found in a variety of human cancer cells (GabarraNiecko et al., 2003) and these changes are correlated with the acquisition of an invasive migration phenotype and enhanced metastasis (Cance et al., 2000; Kornberg, 1998) . FAK -/-fibroblasts exhibit cell migration defects, while overexpression of FAK in a number of cell lines, including FAK -/-cells, promotes migration on fibronectin (Cary et al., 1996; Owen et al., 1999; Sieg et al., 1999) . Furthermore, viral Src (v-Src) transformation reverses the integrin-stimulated motility defects of FAK -/-fibroblasts as does FAK re-expression. However, FAK -/-v-Src cells are not invasive and FAK re-expression, as well as Y397 phosphorylation and FAK kinase activity, were required for the generation of an invasive cell phenotype (Hsia et al., 2003) . Various FAK downstream pathways have also been found to regulate cell migration and invasion (Hsia et al., 2003) . Therefore, it is clear that FAK contributes to the regulation of cell migration and invasion during tumor progression and metastasis.
Interestingly, several recent studies have shown that FAK phosphorylation and activation, associated with tumor cell mi-gration and invasion, are increased by integrin-Rac1-mediated ROS generation. Cell adhesion on fibronectin generates a transient ROS increase dependent on the small GTPase Rac1. The induced ROS promote oxidative inhibition of a FAK tyrosine phosphatase, thereby preventing dephosphorylation and inactivation of FAK (Chiarugi et al., 2003) . In addition, NADPH oxidase, that produces ROS, is an effecter protein of Rac1 and both Rac1 and NADPH oxidase enhance FAK phosphorylation. This phosphorylation subsequently leads to EGF-induced ERK activation in focal adhesions, which is necessary for focal adhesion turnover and membrane protrusion for cell migration (Flinder et al., 2010) . Therefore, FAK is an attractive therapeutic target responsible for metastatic functions in cancer cells related to migration and invasion. Thus, the screening and validation FAK signaling inhibitors promises to elucidate new anticancer strategies.
We recently isolated dieckol from the brown alga, Ecklonia cava (Heo et al., 2009; Lee et al., 2010a) . This alga is produced in abundance on Jeju Island in Korea. It is popular in Korea and Japan as a food ingredient, supplement of animal feed and fertilizers, and a therapeutic. Dieckol is one of the major polyphenolic compounds in E. cava. Although dieckol has been reported to effectively protect cells against various cellular injuries, including cancer, aging, and inflammation induced by oxidative stress, the molecular description of this compound has been limited with respect to its role in apoptosis induction and suppression of aberrant proliferation by oxidative stress. As such, the mechanistic evidence illustrating dieckol's anti-cancer properties remain unclear. Therefore, we investigated the effects of natural dieckol, isolated from E. cava, on intracellular ROS generation and tumor cell migration and invasion. We found that dieckol inhibits migration and invasion of HT1080 human fibrosarcoma cells by suppressing the FAK signaling pathway downstream of Rac1/ROS. These results provide a novel insight into the possible mechanisms that underlie the anti-cancer activity of dieckol.
MATERIALS AND METHODS
Cell culture and reagents HT1080 human fibrosarcoma cells from the American Type Culture Collection (ATCC) were routinely grown in Dulbecco's modified Eagle's medium (DMEM; Gibco) supplemented with 10% heat-inactivated fetal bovine serum (Gibco), 100 U/ml penicillin and 100 mg/ml streptomycin, in 5% CO 2 in air at 37°C. For experiments, cells were passaged at least 3 times and detached with Trypsin-EDTA. Matrigel was a product from BD Biosciences (USA). Antibodies against FAK, Y397 FAK, Rac, and actin were obtained from Santa Cruz Biotechnology (USA), BD Biosciences (USA), Cell Signaling Technology (USA), and Sigma (USA), respectively. DCF-DA was from Molecular Probes. Chemicals and reagents were purchased form Sigma if not differently stated. pEF-Myc-Bos construct (Myc-Rac1G12V and Myc-Rac1t17N) were described previously (Miki et al., 1998) .
Cell viability (MTT) assay HT1080 cells were seeded in 96-well plates at a density of 1 × 10 3 cells/well in DMEM containing 10% fetal bovine serum. Twenty-four hours after seeding, the medium was changed to serum-free DMEM and the cells were incubated with 100 µM H 2 O 2 for 48 h. The cells were then incubated with or without 25 µg/ml dieckol for 24 h. Thereafter, the medium was carefully removed and 100 µl of MTT [3-(4, 5-dimetylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (1 mg/ml final concentration) solution was added to each well prior to incubation for another 3 h at 37°C in 5% CO 2 . The absorbance was then measured on a microplate reader (iMark Bio-Rad) at 540 nm.
Cell migration and invasion assay
Cell migration was determined using the wound-healing scratch assay as previously described (Meng et al., 2006) . Cells were seeded on a 3.5 cm dish and grown overnight. After serum starvation for 24 h, cells were preincubated with 100 µM H 2 O 2 for 48 h and then incubated with or without 25 µg/ml dieckol for 24 h. A sterile 200-µl pipette tip was used to scratch the cells to form a wound. Migration of the cells to the wound was visualized with an inverted Olympus phase-contrast microscope. The representative fields were photographed. The healing rate was quantified using measurements of the gap size after the culture. Ten different areas in each assay were chosen to measure the distance of migrating cells to the origin of the wound.
For invasion assay, the undersurface of the porous membranes in the Matrigel Invasion Chambers (BD Biosciences, USA) were coated with fibronectin (25 µg/ml) at room temperature for 1 h and washed 3 times in DMEM containing 0.1% bovine serum albumin (DMEM-BSA). DMEM-BSA was added to the lower compartment of the chamber. Cells were starved in DMEM-BSA overnight and treated with H 2 O 2 and/or dieckol as described above, trypsinized and collected, and then 200 µl of each cell suspension (2 × 10 5 cells/well in DMEM-BSA) was added to the upper compartment of the chamber and incubated at 37°C in a humidified atmosphere with 5% CO 2 for 24 h. Cells on the upper surface of the membrane were removed, and cells that had migrated to the under surface of the membrane were fixed with 3.7% formaldehyde in phosphate buffered saline (PBS), stained with crystal violet (0.4% dissolved in 10% ethanol) for 15 min, washed twice with PBS, and counted under a phase-contrast microscope with a 10× objective lens. The numbers of cells in 9 randomly selected fields from triplicate chambers were counted in each experiment.
Cell adhesion assay HT1080 cells were incubated in the presence or absence of dieckol (25 µg/ml) for 24 h. The cells were harvested and resuspended in culture medium. The cells were then transferred to a 24-well plate that was precoated with fibronectin (25 µg/ml). After incubation for 1 h at 37°C, the medium was discarded and washed with PBS to remove the non-adherent cells. Attached cells were photographed and quantified.
Measurement of ROS
Dichlorofluorescein diacetate (DCF-DA) was used to evaluate the generation of ROS by oxidative stress. Cells (4 × 10 4 cells/ well) in 24-well plates were first incubated with H 2 O 2 for 48 h and then incubated with or without dieckol for 24 h. The cells were then washed with PBS and incubated with 10 µM DCF-DA for 30 min at room temperature. Fluorescence was measured using a fluorescence plate reader.
Transient transfection of RNAi
Two FAK small interfering RNAs (siRNAs) and a non-specific siRNA were ordered from Invitrogen. The siRNA sequences are siRNA1: 5′-GGAUUUCUAAACCAGUUUATT-3′ (sense), 5′-UAAACUGGUUUAGAAAUCCTT-3′ (antisense); siRNA2: 5′-GAAGGAAUCAGUUACCUAATT-3′ (sense), 5′-UUAGGUA ACUGAUUCCUUCTT-3′ (antisense). Transient transfection of siRNA was accomplished using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instruction.
